Abstract. Ultrafast dynamics of antiferromagnetic materials is an appealing feature for novel spintronic devices. Several experiments have shown that both, the static states and the dynamical behavior of the antiferromagnetic order, are strictly related to stabilization of domains and domain wall (DW) motion. Hence for a quantitative understanding of statics and dynamics of multidomain states in antiferromagnetic materials a full micromagnetic framework is necessary. Here, we use this model to study the antiferromagnetic DW motion driven by the spin-orbit torque. The main result is the derivation of analytical expressions for the DW width and velocity that exhibit a very good agreement with the numerical simulations in a wide range of parameters. We also find that a mechanism limiting the maximum applicable current in an antiferromagnetic racetrack memory is the continuous nucleation of the domains from the edge, which is qualitatively different from what is observed in ferromagnetic racetracks.
I Introduction:
The nucleation and manipulation of ferromagnetic (FM) domain walls (DWs) have attracted a lot of attention in recent years due to the promising results for the development of spintronic devices such as racetrack memories, 1,2 memristors, 3,4,5 and sensors. 6 Nevertheless, the FM DW velocity, a key performance metric of those devices, driven by an external field drops beyond a certain field threshold (Walker breakdown), 7 while it saturates when an electric current is used as a driving force. 2, 8 Recent experiments have demonstrated that DW velocity in synthetic antiferromagnets (SAF) can be as large as 750 m/s 9 and does not saturate within the typically applicable currents range. 10 Ferrimagnetic DWs can also reach high velocities as well at the angular momentum compensation point. 11, 12 In addition, it has also been predicted that the velocity of DWs in antiferromagnets (AFM) should reach tens of km/s and it is limited by the group velocity of spin waves. 13, 14, 15 Below we will focus on the latter category due to their intriguing properties and potential importance for high-speed device applications. Antiferromagnetic materials are characterized by a zero net magnetization, hence the absence of stray fields, and low magnetic susceptibilities. 13,15,16,17 ,18,19 Out of equilibrium, the antiferromagnetic order exhibits relaxation processes at the ps time scale (THz frequency) . 20, 21, 22 The THz dynamics is appealing for the development of ultrafast spintronic devices, 19 while the absence of stray field should be useful to have a better scaling in storage devices. On the path towards antiferromagnetic spintronics, antiferromagnetic domains can play the same role as FM ones being the information carriers. The writing process can be fulfilled employing laser pulses, 23 or spin-orbit-torques (SOT), 24 , 25 the manipulation via alternating magnetic fields 13, 23 and electric currents originating by the SOT, and the detection can be performed using one of the techniques already proposed in literature 27, 28 such as tunneling anisotropic magnetoresistance (TAMR), anisotropic magnetoresistance (AMR) or spin Hall magnetoresistance (SMR). 26, 27, 28 From a numerical point of view, antiferromagnetic dynamics can be described by atomistic models or at mesoscopic scale by a full micromagnetic framework that has proven to be very powerful for its ability to reproduce experimental observations in FM materials. The latter is based on the numerical solution of two Landau-Lifshitz-Gilbert equations, each of them describing a sublattice of the antiferromagnet, coupled through homogeneous and inhomogeneous exchange interactions. Here, we study the DW motion in AFM by means of full micromagnetic simulations (µM). 22 Our results show the role of each exchange term. In particular, we find that the homogeneous interlattice exchange does not affect the DW velocity and its role is limited to the stabilization of the antiferromagnetic order. On the other hand, the DW velocity follows a square root dependency as a function of both interlattice and intralattice inhomogeneous exchanges. Hence, larger inhomogeneous exchange leads to larger DW velocities. We have derived analytical expressions for the DW size and velocity exhibiting a good agreement with numerical calculations performed with µM. The proposed formulas can be used for a fast exploration of DW statics and dynamics in a large space of material parameters. We also discuss a mechanism that can limit the maximum applicable current for the AFM DW motion in a racetrack memory, that is the continuous nucleation of domains from the edges. Beyond this work, the development of a continuous micromagnetic framework will be very useful for the qualitative understanding of recent switching experiments on antiferromagnets with tens of microns in size involving multiple domain states and memristive behavior. 3, 4, 5 The paper is organized as follows. In Section II the micromagnetic framework is described. Section III discusses the steps to derive the analytical formulas. A systematic study of the role of the exchange interactions is shown in Section IV and some conclusions are summarized in Section V . 
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AA  both acting on the neighbors. Here we consider for the 6-neighbors for both computation of the exchange term indicated as a sketch in (d) and (e). . , on top of a heavy metal (HM) (e.g. Pt, Ta). A Cartesian coordinate system is introduced (see Fig. 1(a) ) with the z-axis being the out-of-plane direction, while the x and y-axes are related to the length and width of the device respectively. The electric current is applied along the xdirection and because of the spin-Hall effect (SHE), 11, 29, 30 a spin current with the spin polarization along the y -direction is generated. Within the micromagnetic model the AFM state is described by two sublattice magnetizations ( 1 m and 2 m ) strongly coupled by an exchange interaction that stabilizes the antiferromagnetic order. We consider a finite difference method for the discretization (see Fig. 1 ) with the value of 1 m and 2 m reflecting the average magnetization of the spins within the same discretization cell. The magnetization dynamics driven by the current can be described by the following LLGSlonczewski equations, 31  is the gyromagnetic ratio and  the Gilbert damping parameter, while
II Micromagnetic Model
is the antidamping SOT due to the SHE originating from a current density J flowing through the HM, 11, 29, 30 with the amplitude given by 
H
are the effective fields for the first and second sublattice respectively. 34 They include the uniaxial anisotropy, the demagnetizing term, the interfacial Dzyaloshinskii-Moriya interaction (iDMI) contribution, 8, 35 and the exchange field that is given by three contributions 
where a is the lattice constant. In Eq. (3), the first term, 11 A , is the inhomogeneous intralattice contribution ( Fig. 1(d) ), the second one, 0 A , is the homogeneous interlattice ( Fig. 1(c) ), and the third, 12 A , is the inhomogeneous interlattice contribution ( Fig. 1(e) ). The demagnetizing field is calculated by solving the magnetostatic problem 36 for the total magnetization 
III Analytical derivation of domain wall velocity and width
In order to derive an analytical expression for the DW velocity and size, we consider a spatial dependence only along the x -direction (1-dimensional approximation). The DW width  , DW position q , in-plane angles of the magnetization of the two sublattices, 
To recover the expression derived in Ref. (6) is the Walker ansatz, 40 which properly describes the DW profile () ( , ) 2arctan exp ( , ) ( )
where q ,  , and  have been already defined (see Fig. 2 
We stress that this equation is valid for 0 A large enough to maintain the 1  and 2  at 0 and  respectively for any applied J. To generalize Eq. (9), we now take into account (i) the l -dependence of the homogeneous exchange (ii) the m -dependence of the anisotropy , (iii) no relationship between 12 A and 11 A ( 
This formula is a generalization of the expression for the DWs in FM 41 and it is a key result of this work.
 does not depend on the homogeneous exchange, as expected, because this energy term is independent of the magnetization's spatial variation and its role is to maintain the antiferromagnetic order locally. On the other hand, the two inhomogeneous exchange terms and the anisotropy have a key role for the determination of the DW size.
The DW width  neither depends on the iDMI parameter being its energy equal to   
IV . Results and Discussion
First of all, we have studied the static properties of the DW comparing calculations from µM with the Eq. At such a high current density the domains themselves acquire a non-negligible in-plane component as can be seen in Fig. 5(a) and (b) , so Eq. (7) is no longer valid. In addition, we observe that there exists a maximum current density, 
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). This DW nucleation from the edge is determined by the iDMI boundary conditions (in fact simulations without those boundary conditions show that there is no DW nucleation until the DW is annihilated, see Supplementary Movie 2) and it was already observed in FM, 39 but in AFM is more efficient due to the stabilization of the x -component of the magnetization at the right edge. In FM this magnetization rotates towards the y -direction reducing the SOT, but in AFM this rotation is suppressed. As the current increase, the DWs also acquire a slight curvature (it can be seen in all the DWs in Supplementary Movie 1) due to the smaller torques at the edges caused by the lower x -component and higher ycomponent. To have a comparison with the FM case, here the linear behavior of the DW velocity is kept for larger current due to the stabilization role of the homogeneous exchange, analogously to RKKY interaction in the case of synthetic antiferromagnets, 10 which tends to maintain the Néel configuration. Nevertheless, higher velocities for the same current densities are reached in the antiferromagnetic case. Even though the proposed model allows for misalignments on the in-plane components of the two sublattice magnetizations, no significant misalignments are observed for realistic parameters. Nevertheless, it is possible to establish the condition for which the linear behavior is kept, and so the first model is valid, from Eq. (12). This condition reads 2
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We conclude that, in antiferromagnetic racetrack memories, this can be the mechanism limiting the maximum velocity of an AFM DW, at least without changing the numbers of DWs and hence the information stored. Finally, the paper shows the results of a systematic study of the effect of the exchange interactions on the DW velocity. Figures  6(a) Figure  6 (a) displays the DW velocity as a function of the homogeneous exchange showing a constant behavior. Thus, a main result is that DW speed is insensitive to the homogeneous exchange, provided it is large enough to avoid misalignments between the two sublattices. On the other hand, the DW velocity is a square root function of both the two inhomogeneous terms. Indeed, all these curves are proportional to the DW width  (yellow dashed lines in Fig. 6 (b) and (c)) and share the same proportionality constant which is a function of the material parameters and applied current (see Eq. (14)). This demonstrates that the role of the inhomogeneous exchanges is limited to modifying the DW width parameter, but they do not modify the DW structure in the stationary state, determined by the two in-plane angles. Since the DW velocity is proportional to the DW width (see Eq. (15)), the induced increase of the DW width leads to a larger DW velocity. 
V. Conclusions
Velocities up to a few km/s for antiferromagnetic domain walls have been predicted making antiferromagnets a testbed material for the development of ultrafast racetrack memories and THz spintronic devices. Here we extended results of previous works on this topic, by deriving a more general expression for DW width and velocity that has been benchmarked with micromagnetic simulations in a wide range of parameters. A systematic study of the role of the different exchange interactions shows a DW velocity independent of the homogeneous interlattice exchange, and with a square root dependence on both inhomogeneous exchanges, i.e. intralattice and interlattice. Finally, we show that the domain wall velocity in an antiferromagnetic racetrack memory will be limited by the nucleation of new domains at the edges of the system, due to the iDMI boundary conditions, that for example in racetrack memories can change the content of stored information. The analytical approach employed here can be used as a starting point for the development of a one-dimensional model for the description of DW motion in ferrimagnets.
